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Regulation of microtubule dynamic instability is crucial for cellular
processes, ranging from mitosis to membrane transport. Stathmin
(also known as oncoprotein 18/0p18) is a prominent microtubule
destabilizer that acts preferentially on microtubule minus ends.
Stathmin has been studied intensively because of its association
with multiple types of cancer, but its mechanism of action remains
controversial. Two models have been proposed. One model is that
stathmin promotes microtubule catastrophe indirectly, and does
so by sequestering tubulin; the other holds that stathmin alters
microtubule dynamics by directly destabilizing growing micro-
tubules. Stathmin’s sequestration activity is well established, but
the mechanism of any direct action is mysterious because stathmin
binds to microtubules very weakly. To address these issues, we
have studied interactions between stathmin and varied tubulin
polymers. We show that stathmin binds tightly to Dolastatin-10
tubulin rings, which mimic curved tubulin protofilaments, and that
stathmin depolymerizes stabilized protofilament-rich polymers.
These observations lead us to propose that stathmin promotes
catastrophe by binding to and acting upon protofilaments exposed
at the tips of growing microtubules. Moreover, we suggest that
stathmin’s minus-end preference results from interactions be-
tween stathmin’s N terminus and the surface of a-tubulin that
is exposed only at the minus end. Using computational modeling
of microtubule dynamics, we show that these mechanisms could
account for stathmin’s observed activities in vitro, but that both
the direct and sequestering activities are likely to be relevant in
a cellular context. Taken together, our results suggest that stath-
min can promote catastrophe by direct action on protofilament
structure and interactions.

Zn-sheets | GMPCPP | T,S complex | computer simulation

Proper regulation of microtubule (MT) dynamic instability is
crucial for cellular processes, ranging from mitosis to mem-
brane transport. One of the most prominent MT regulators in
animals is a destabilizer known as stathmin or oncoprotein 18
(Op18) (1-4). Stathmin has been the focus of much attention
because increases in its expression are associated with cancer
progression (1, 2). However, the mechanism of stathmin action
remains controversial. Two models have been proposed. One
model is that stathmin reduces MT polymer by sequestering
tubulin, indirectly promoting “catastrophe,” which is the transi-
tion from growth to depolymerization (3-6). Another model
holds that stathmin induces catastrophe directly, presumably by
acting on MT tips (6, 7).

Stathmin’s sequestration activity is now well documented (3,
4), but the issue of whether stathmin acts directly on MTs has
proven difficult to resolve. In particular, one would predict that
for stathmin to directly induce catastrophe, it must interact with
microtubule polymer, but thus far published reports have shown
that binding of stathmin to MT polymer is weak or nonexistent
(6, 7). To understand stathmin’s role in cell function and dis-
ease, and to develop its therapeutic potential, it is important to
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establish whether stathmin can induce catastrophe directly or
acts by simply sequestering tubulin (3-8).

One potential resolution for this conundrum is to propose that
stathmin does not bind significantly to the MT Ilattice, but
interacts instead with some other tubulin conformation that is
present at growing MT tips (3, 9). Through interactions with this
tip-specific conformation, it could then destabilize the MT tip
and cause catastrophe. Here we test this hypothesis using a
combination of biochemistry and computational modeling.
Based on these data, we propose that stathmin can indeed pro-
mote catastrophe directly and does so by direct action on later-
ally unbound tubulin protofilaments (PFs) exposed at MT tips.

Results and Discussion

To test the hypothesis that stathmin binds to and acts upon a tip-
specific polymer conformation, we needed to first identify forms
of tubulin polymer that might be expected to mimic this con-
formation and then test the ability of stathmin to bind to these
polymers. Although the specific conformations that occur at the
MT tip are unknown, two conformations that are predicted to
exist at the tip are the GTP lattice and laterally unbound pro-
tofilaments (9, 10). Moreover, growing MTs have protofilaments
that are straight or slightly curved, whereas depolymerizing MTs
have tightly curved “ram’s horns” (9).

Given this information, we chose to study interactions be-
tween stathmin and five MT preparations (Fig. 1 and Figs. S1
and S2). Two of these preparations are commonly used. (i)
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Fig. 1. Overview of stathmin structures and tubulin polymers used in this
work. (A, Upper) Schematic showing the human stathmin constructs used in
this work. (Lower) The structure (3RYI) of the complex (T,S complex) formed
between the two tubulin heterodimers (blue or green) and stathmin (red)
(23, 24). (Left) A view from the side of the protofilament-like structure;
(Right) the view from the front (down the axis) of the protofilament. Note
that part of stathmin (the N-terminal tail) is bound the exposed surface of
a-tubulin; this is the surface that is exposed at the minus end and would bind
to the a-tubulin monomer of an incoming tubulin dimer. (B) Chemically in-
duced tubulin polymers with different conformations. 1: Tx-MT, Taxol sta-
bilized tubulin polymers, which are made by stepwise addition of Taxol and
consist primarily of MTs (12); 2: CPP-MT, GMPCPP induced tubulin polymers,
which are formed by replacing GTP with GMPCPP and consist primarily of
MTs (13, 14); 3: CPP-PF, protofilament-rich structures that are made by
treating GMPCPP-MTs with calcium (13, 14); 4: DL-rings, Dolastatin-10-
induced tubulin rings, which consist of curved protofilament-based rings
and other structures similar to the “ram’s horns” that form when tubulin
depolymerizes (15-18); 5: Zn-Sheets, Zinc-induced tubulin sheets, which
are flat sheets formed by antiparallel associations between protofilaments
and thus have two exposed protofilaments exposed at both lateral edges
(19, 20).

Taxol MTs (Tx-MT), which are typical Taxol MTs made by
stepwise addition of Taxol (11); these are composed of a GDP
lattice conformation and have few free protofilaments (12). (ii)
GMPCPP MTs (CPP-MT), which have a GTP lattice and some
free protofilaments (13, 14); these are made by replacing the
standard GTP nucleotide with the slowly hydrolysable analog
GMPCPP. In addition, we chose to study three more unusual
conformations: (iii) GMPCPP protofilaments (CPP-PF),
which are produced by treating GMPCPP MTs with calcium;
the calcium decomposes many of the MTs into protofilaments,
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but also leaves sheets and MT-like structures (13, 14); (iv)
Dolastatin-10 rings (DL-rings), which are formed by adding the
drug Dolastatin-10 to tubulin; these rings are structurally anal-
ogous to the curled protofilaments that form during de-
polymerization (15-18); and (v) Zinc-induced tubulin sheets
(Zn-sheets), which are made by adding ZnCl,, and are charac-
terized by laterally associated protofilaments arranged in an
antiparallel fashion, resulting in Zn-sheets having two proto-
filaments exposed at opposite edges (19, 20). Finally, it has been
noted that the ability of stathmin to sequester tubulin depends
strongly on pH (4, 6). Therefore, we decided to perform most of
our tests at both pH 6.8 (where stathmin strongly sequesters
tubulin dimers) and pH 7.5 (where sequestering activity is
strongly diminished, but stathmin still causes MT catastrophe)
(4, 6).

Interactions Between Stathmin and Varied Tubulin Polymers. As
shown in Fig. 24 and Fig. S3, stathmin bound weakly if at all to
Tx-MT at either pH, consistent with previous results (6, 7). More
significantly, stathmin also failed to cosediment with CPP-MTs
(Fig. 24 and Fig. S3), arguing against the idea that stathmin acts
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Fig. 2. Effect of stathmin on different tubulin polymers. (A) Cosedimenta-

tion assays and SDS/PAGE analysis showing the effect of 8.0 uM stathmin (St)
on different tubulin (T) polymers as indicated (2.0 pM). Note that stathmin
induces depolymerization of both CPP-PF and Zn-sheets, but has no effect on
DL-rings or Tx-MT (see Fig. 1B and Fig. S2 for details of these different fil-
ament types). Depolymerization was stronger at pH 6.8 (pH 6.0 for Zn-
sheets) than at pH 7.5. Data for Zn-sheets is shown only at pH 6.0 because Zn-
sheets are not stable at higher pH (19, 20). Samples were incubated for
30 min and then sedimented at 165,000 x g for 20 min. Equal fractions of
supernatant (s) and pellet (p) were separated by SDS/PAGE, followed by
staining with Coomassie blue. Band intensities and data analysis were per-
formed as described in SI Materials and Methods. (B and C) Concentration-
dependent effect of stathmin on various tubulin polymers. Increasing con-
centrations of stathmin (0-14 uM) were incubated with tubulin polymers (2.0
pM). Samples were sedimented and the amount of depolymerized tubulin
was measured as described above. Data represent the average of three in-
dependent experiments. Values are presented + SD. (D) Analysis of the tu-
bulin:stathmin stoichiometry for stathmin sedimenting with DL-rings. To
determine the binding stoichiometry of stathmin to tubulin dimer in DL-
rings, the amount of stathmin bound per sedimentable tubulin dimer at
various stathmin concentrations was calculated. Data are the average of
three independent experiments. Values are presented + SD. These data
show that stathmin binds to DL-rings with a 2:1 dimer:stathmin stoichiom-
etry, similar to that seen with interactions between stathmin and tubulin
dimers (3, 4).
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at the tip by binding to GTP polymer. This information about
relative binding ability was all we initially planned to extract from
these cosedimentation experiments. However, we noticed that
addition of stathmin increased the amount of tubulin in the su-
pernatant for both types of MTs, at least at pH 6.8. The effect was
minor for the Tx-MT, but it was more significant for the CPP-MTs
(Fig. 24-C). We were intrigued to observe that with the CPP-MTs,
the amount of tubulin in the supernatant increased with the con-
centration of stathmin, but only up to a point: further increase in
stathmin did not cause any further destabilization of the polymer,
suggesting that the stathmin was acting on some conformation that
was present in limiting quantity (Fig. 2B).

These observations led us to consider the possibility that
stathmin might selectively destabilize protofilaments. To test this
idea, we examined the effect of stathmin on CPP-PF (as noted
above, these are protofilament-rich polymers formed by adding
calcium to GMPCPP MTs). Examination of Fig. 2.4 and B shows
that stathmin had a more significant effect on the CPP-PFs than
on the CPP-MTs. In addition, we found that stathmin has a much
stronger effect on Tx-MTs when they are made by dilution of
preformed MTs into Taxol-containing buffer (Fig. S44); MTs

made by this approach contain a higher proportion of PFs (13).
Taken together, these observations suggested that stathmin binds
to and depolymerizes stabilized protofilament-like structures, but
has little affinity for or effect on normal Taxol-stabilized MTs.

To further test the idea that stathmin binds to and acts upon
protofilaments, we examined the effect of stathmin on Dolasta-
tin-10 tubulin rings. Because the rings are composed entirely of
protofilaments, one would predict that stathmin should de-
polymerize them; however, as shown in Fig. 2 A-C, it did not,
contrary to our expectation. On the other hand, although stathmin
failed to cosediment with any of the other polymers, a significant
amount of stathmin did cosediment with the DL-rings (Fig. 24).
More quantitative analysis confirmed that stathmin binds to DL-
rings with high affinity (K4 = 0.36 = 0.14 pM) (Fig. 34), and
showed that the binding saturates with a 2:1 dimer:stathmin ratio
similar to that found in the T,S complex (Figs. 14 and 2D) (3, 4).
It is notable that the binding affinity (K4) of stathmin to DL-rings
is similar to the affinity range reported for stathmin binding to
tubulin dimers (K4 ~0.1-1.0 pM) (21, 22).

These observations confirm that stathmin can bind to proto-
filaments, but they raise two questions: (i) Why doesn’t stathmin

A . DL—angs (PH 6.8): Ky=0.36 +0.14 uM C GTP-tubulin
4 DL-rings (pH 7.5): Ky = 11.14 £ 1.06 uM
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Fig. 3. Binding affinities of stathmin for tubulin polymers. (A) Binding of stathmin to Tx-MT and DL-rings. The binding of stathmin (2.0 pM) was measured as
a function of tubulin polymer concentration (0-12 uM) by cosedimentation assay. The fraction of stathmin bound (in the pellet) was plotted against the
concentration of unbound polymerized tubulin [calculated from the total polymerized tubulin assuming a 2:1 ratio (tubulin dimer:stathmin)] (S/ Materials and
Methods), and the data were fit to the bimolecular binding curve to obtain the apparent Ky. Data are an average of three independent experiments and error
bars are + SD. (B) Effects of full-length and AN-stathmin on depolymerization of Zn-sheets. Zn-sheet (2.0 pM) polymer was incubated with various concen-
trations of stathmin or AN-stathmin (0-14 uM) as indicated in Zn-Mes buffer containing 10 pM Taxol. Samples were sedimented and the amount of depo-
lymerized tubulin was measured as described in Fig. 2. Data represent the average of three independent experiments + SD. These data indicate that the N
terminus of stathmin plays a significant role in its ability to depolymerize MTs. (C) Conceptual models for the catastrophe-promoting mechanism by which
stathmin depolymerizes microtubules. The data in Figs. 2 and 3 suggest that stathmin can directly promote MT catastrophe by acting on laterally unbound
protofilaments at MT tips and does so by some combination of the following three mechanisms (numbers in brackets refer to the figure above): [1], Binding of
stathmin to protofilaments could inhibit lateral interactions between protofilaments by steric inhibition [1a] or by inducing curvature [1b] (4, 23, 24), thus
destabilizing the tip and increasing the likelihood of catastrophe; [2], Stathmin could increase the GTPase of the tubulin subunits to which it is bound,
promoting catastrophe by decreasing the size the GTP cap; [3], The N-terminal peptide of stathmin could promote protofilament severing by binding to the
intradimer surface (Fig. 1) (28), promoting catastrophe by removing portions of the GTP cap. All three mechanisms would be expected to operate with equal
effectiveness at both the plus and minus ends. A fourth mechanism would be unique to the minus end: [4], The N-terminal peptide of stathmin could bind to
and cap the a-tubulin dimer exposed at the minus end, allowing stathmin to bind to the minus end with stronger affinity and preventing the incorporation of
new tubulin dimers, thus providing a mechanism for the surprising asymmetry in stathmin’s ability to induce catastrophe. [5], In addition, it remains possible
that binding of stathmin to the MT lattice could contribute to catastrophe, as previously suggested (6, 7). [6], Finally, an additional activity that is likely
relevant in the cellular context is the demonstrated ability of stathmin to sequester tubulin dimers into the assembly incompetent T,S complex. This activity
reduces the amount of tubulin available for MT assembly, the overall polymer mass (3-7, 23-25), and therefore the likelihood that MTs exhibit persistent
growth (29, 30).
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depolymerize DL-rings? (ii) What do interactions between
stathmin and DL-rings reveal about the mechanism by which
stathmin induces MT catastrophe? To answer these questions,
we considered existing structural information on the stathmin—
tubulin interaction. When stathmin is mixed with unpolymerized
tubulin, it assembles into the T,S complex, which is composed of
two tubulin dimers arranged in a protofilament-like configura-
tion, with one extended stathmin molecule (Fig. 14) (3, 4). A
striking similarity between the T,S complex and DL-rings is that
in both assemblies, the tubulin protofilaments are laterally un-
bound; they are not attached to other protofilaments as they
would be in a MT. This observation suggests that stathmin might
bind to the laterally unbound protofilaments that are predicted
to exist at the tips of growing MTs (9, 10) and induce catastrophe
by inhibiting interactions between them. Such an inhibition could
occur because stathmin’s binding site is close to the interface
between protofilaments (23-25). Alternatively, because both
DL-rings and the T,S complex are curved (15-18, 26), stathmin
could inhibit lateral interactions by inducing in protofilaments
a degree of curvature that is incompatible with their incorpo-
ration into the lattice.

To test the idea that stathmin acts on exposed protofilaments,
we treated Zn-sheets with stathmin. Zinc-sheets are flat struc-
tures composed of protofilaments arranged in an antiparallel
fashion, leaving unbound protofilaments exposed at each edge.
The fact that exposed protofilaments are part of the fundamental
structure of the polymer suggested that stathmin might have
a particularly strong effect on Zn-sheets, and indeed, Fig. 2 4
and B shows that stathmin has a greater effect on Zn-sheets than
on the other polymers. Moreover, the effect of stathmin on Zn-
sheets continued to increase with additional stathmin: unlike the
situation with the other polymers, the effect did not saturate
even at high stathmin concentration (Fig. 2B). This is the out-
come that would be predicted if stathmin binds to and acts upon
exposed protofilaments, which are a fundamental characteristic
of Zn-sheets but exist only in limiting quantities in the other
polymer types (e.g., at MT tips). As would be predicted from the
idea that stathmin acts on protofilaments exposed at MT tips, the
fraction of the MT population that is sensitive to stathmin can be
increased by shearing the MTs (Fig. S4B).

Taken together, these observations suggest that stathmin can
directly promote catastrophe by binding to and acting upon the
exposed protofilaments that are predicted to exist at the tips of
growing MTs (9); consideration of the existing stathmin—tubulin
complex structures (23-26) suggests that it acts by inhibiting
lateral interactions between the PFs. It is also possible that
stathmin increases the GTPase of the tubulin subunits in the
protofilaments to which it is bound (27). Although these ideas
are attractive, they fail to explain how stathmin depolymerizes
preexisting stabilized structures like the Zn-sheets, or why
stathmin is unable to alter DL-rings. To address these issues, we
need to consider another aspect of the T,S structure, which is
that the N-terminal region of stathmin binds the dimer-dimer
interface of a-tubulin (Fig. 14) (3, 28). Based on this observa-
tion, we propose that the N-terminal region of stathmin inter-
feres with the longitudinal bond between dimers in the
protofilament, leading to severing of single protofilaments and
destabilization of structures like Zn-sheets.

To test this idea, we examined the ability of a stathmin con-
struct that is missing the N terminus (AN-stathmin, aa40-149) to
depolymerize Zn-sheets. Fig. 3B shows that AN-stathmin has sig-
nificantly less ability to depolymerize Zn-sheet polymer than does
the full-length protein (Fig. 3B), demonstrating that the stathmin
N terminus plays a key role in the mechanism by which stathmin
acts on these polymers. The observation that AN-stathmin has
significantly reduced catastrophe activity (6) suggests that this
mechanism also contributes to catastrophe promotion in dy-
namic systems.

20452 | www.pnas.org/cgi/doi/10.1073/pnas.1309958110

To address the question of why stathmin does not depoly-
merize DL-rings, we tested the ability of AN-stathmin to bind to
DL-rings. We found a significant reduction in binding ability
when the N-terminal peptide is removed (Fig. 34). This obser-
vation suggests that the N-terminal peptide is able to engage in
normal binding interactions in the context of the DL-rings.
One potential explanation is that stathmin binds to the subset of
rings that are open and thus have an available N-terminal pep-
tide-binding site, but this idea conflicts with the observation that
stathmin binds to the rings with a 2:1 dimer:stathmin ratio
(Fig. 2D). Therefore, we suggest that something about the
structure of Dolastatin-stabilized polymers, perhaps their cur-
vature, allows them to accommodate binding of the stathmin N
terminus without destabilizing the polymers, thus providing an
explanation for why stathmin binds to the rings but does not
depolymerize them.

A Conceptual Model for the Mechanism of Direct Catastrophe
Promotion by Stathmin. The combination of results from our
experiments and the existing literature lead to a model where
stathmin binds to protofilaments exposed at the tips of growing
MTs and directly promotes catastrophe by one or more (perhaps
all) of the following activities (Fig. 3C): (i) stathmin interferes
with lateral bonding between protofilaments sterically, as might
be predicted from the proximity of the stathmin binding site to
the protofilament-protofilament interface (shown as la in Fig.
3C) (23-25) and/or by inducing curvature in protofilaments, in-
creasing the interference with lateral bonding (shown as 1b in
Fig. 3C); (ii) stathmin increases the GTPase rate of the dimers to
which it is bound, as expected from the observation that stathmin
increases the GTPase rate (27); (iii) the stathmin N-terminal tail
promotes severing of the protofilament to which it is bound, as
predicted from the binding of the N-terminal tail to the surface
between dimers (Fig. 14); and (iv) the stathmin N-terminal tail
caps protofilaments with exposed a-tubulins, preventing in-
corporation of new dimers (Fig. 3C). The first three mechanisms
could act at either end of the MT, but the fourth one would be
minus-end specific, potentially providing an explanation for the
surprising observation that stathmin has stronger effects on the
minus end than on the plus end in vitro (3, 7).

Testing the Model Through Computer Simulations. The experiments
above provide compelling evidence that stathmin can bind to and
depolymerize protofilament-like structures, but could such a
model account for stathmin’s observed ability to promote ca-
tastrophe and to do so asymmetrically (i.e., more strongly at the
minus end)? If so, which of the mechanisms in Fig. 3C are most
likely to contribute to stathmin’s observed effects? To address
these questions, we turned to computational modeling. We have
previously established a dimer-scale model of MT dynamics that
explicitly considers lateral and longitudinal bonds between sub-
units and exhibits the full range of dynamic instability behaviors
(10, 29). To incorporate stathmin into this model, we initially
assumed that stathmin binds only to regions of protofilaments
that are laterally unbonded on both sides, and that the K for the
interaction between stathmin and these free PFs is 1.0 pM [a
conservative estimate given that the affinity of stathmin for DL-
rings is ~0.3 pM (Fig. 34)]. Using 10 pM unpolymerized tubulin,
and 1.0 uM free stathmin [both assumed to be constant, these
concentrations are similar to those used in previous experiments
(7)], we tested the effect on MT dynamics of giving the stathmin
the various activities depicted in Fig. 3C.

In preliminary simulations, we found that when the stathmin
increased the hydrolysis rate or dimer detachment rate (severing
rate) as much as 10x, there was little effect on the dynamics of
the simulated MTs at the concentrations tested. However, when
the stathmin decreased the lateral bonding rate 10x, the effect
was so strong that MT polymerization was completely inhibited.
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Fig. 4. Effect of stathmin on dynamic instability (DI) behavior in simulations

of MT dynamics. Using our previously established computational model of
MT dynamics (10), we tested the hypothesis that binding of stathmin to free
protofilaments could account for stathmin’s observed effects on MT dy-
namics by examining how adding stathmin molecules with varied activities
alter the behavior of the simulated MTs. (A) Effects observed when stathmin
(1 pM free, activities as indicated) binds with moderate affinity (K4 = 1 pM)
to laterally unbonded regions of PF. (B) Effects observed when stathmin (1
uM free, activities as indicated) binds with weak affinity (K4 = 25 pM) any-
where on the lattice. Examination of the data in A shows that binding of
stathmin to PFs can dramatically increase catastrophe frequency, and that DI
is more sensitive to effects of stathmin on lateral bond formation than on
the hydrolysis rate or the dimer detachment rate. Comparison of A and B
shows that weak binding of stathmin to the lattice is less effective than
stronger binding of stathmin to PFs. (C) Possible mechanism for stathmin'’s
activity asymmetry. Simulations were conducted as in A, except that in some
cases stathmin was given a capping activity (simulated as decreased kg ow) OF
an increased affinity. These data show that the higher affinity and capping
activity that are predicted to result from binding of the stathmin N terminus
to a-tubulin increase stathmin’s catastrophe promoting ability, and thus
could account for the experimental observation (7) that stathmin has
stronger effects at the minus end than at the plus end. (D) Effect of 0.05 pM
free stathmin on DI (this is the concentration expected when binding of
stathmin (1 pM) to free tubulin dimers (10 pM) is taken into account; see S/
Materials and Methods for calculations). These simulations assume that
stathmin binds to laterally unbound PFs and that stathmin’s main activity is
to prohibit lateral bond formation. These data show that stathmin mole-
cules with affinity values similar to those measured in Fig. 3A can have
strong effects on DI even in the presence of free tubulin. Data in all panels
represent the average + SD for three independent simulations of a single
MT, each corresponding to more than 1 h of simulated time. The raw
dynamic instability data corresponding to these bars graphs are provided
in Table S1. F.,, catastrophe frequency; Fros, rescue frequency; kpona, rate
constant for lateral bonding between tubular dimers; kg, rate constant for
the formation of the longitudinal bond between tubulin dimers; k,, GTP
hydrolysis rate constant; ks, rate constant for breakage of the longitudinal
bond between tubulin dimers; S¢ce, stathmin free; Vyow, macroscopically
observed MT growth rate; Vihort, macroscopically observed MT depoly-
merization rate.

Therefore, we investigated more moderate inhibition of lateral
binding. Fig. 44 shows that when the stathmin reduced the
lateral bonding rate (kyong) by a factor of 2, the catastrophe rate
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of the simulated MTs increased almost threefold relative to
controls without stathmin (Fig. 44; see Table S1 for the mea-
sured dynamic instability parameters). Adding to this 2x lateral
bonding effect a 10x effect on the hydrolysis rate (ky,) increased
the catastrophe rate modestly, whereas instead adding a 10x
effect on the dimer detachment rate (k) had little additional
effect on dynamics (Fig. 44). The 2.5x to 3x increase in catas-
trophe when stathmin is present, as seen in the simulations, is
similar to what has been reported for similar concentrations of
stathmin and tubulin in vitro (7).

These results are significant for two reasons. First, they show
that a mechanism where stathmin binds to and acts upon laterally
unbound protofilaments at the tips of MTs is in principal capable
of giving rise to stathmin’s ability to increase the catastrophe rate.
Second, the observation that the simulations are very sensitive to
effects on lateral bonding and less sensitive to effects on hydrolysis
rate and severing rate suggests that stathmin’s primary activity is
to inhibit lateral bonding. However, it is important to point out
that these relative sensitivities might shift as the parameter set
used for the MT dynamics simulation is changed (e.g., to adjust
for different type of tubulin or to refine the parameter set).

We next tested the hypothesis that stathmin’s preferential ef-
fect on MT minus ends is a result of capping activity caused by
interaction of the stathmin N terminus with the exposed surface
of a-tubulin. We were surprised to see that adding a 2x capping
activity (i.e., reducing kg0 twofold in addition to the 2x re-
duction of kpong) had relatively little additional effect on catas-
trophe, and that a 5x effect was only a little stronger (Fig. 4C).
This observation cast doubt on the idea that the capping mech-
anism could account for the ability of stathmin to induce catas-
trophe asymmetrically. Further reflection led us to realize that
we had not considered an additional source of asymmetry; the
increased affinity of stathmin for the minus end that should result
from unimpeded interactions between the stathmin N-terminal
domain and the minus-end exposed surface of a-tubulin. As noted
above, removal of this N-terminal tail reduces the affinity of
stathmin for DL-rings by more than twofold (Fig. 34). There-
fore, we took this additional interaction into account by setting
the activities as before (2x decrease in kpong and Kgpoy), but also
increasing the affinity for unbound protofilaments 2x, from
1.0 uM to 0.5 pM. We found that this change caused a significant
increase in catastrophe frequency (Fig. 4C). Moreover, when the
effect on kg Was increased to 5x, leaving the other parameters
the same (2x decrease in kpong and Kgrow, Kg = 0.5 uM), the
stathmin activity prevented MT growth entirely (Fig. 4C). Taken
together, these data lead us to propose that stathmin’s preferential
effect at minus ends results from a combination of its higher af-
finity for MT minus ends and its ability to cap MT minus ends,
both of which are predicted from interactions between the N-ter-
minal domain and the exposed surface of a-tubulin (Fig. 14) (3, 7).

These simulations left open the question of whether binding of
stathmin along the MT lattice could contribute to stathmin’s ef-
fect on MT dynamics. To address this issue, we repeated the
simulations of Fig. 44, but this time we allowed the stathmin to
bind anywhere with a similar weak affinity (K4 =25 pM), chosen to
match the measured affinity of stathmin for Taxol-stabilized MTs
(Fig. 34). The simulations showed that binding of stathmin to the
lattice at this Ky had little effect on MT dynamics (Fig. 4B, and
Table S1), in contrast to when a similar concentration of stathmin
with similar activities bound with higher affinity to protofilaments
(compare Fig. 4 B to A). These observations suggest that weak
binding of stathmin to the MT lattice makes relatively little con-
tribution to stathmin’s effect on MT dynamics compared with the
effects caused by binding to exposed protofilaments.

Although these simulations both support and extend the
conceptual model outlined in Fig. 3, there is a limitation to this
work: the simulations discussed above fail to take into account
interactions between stathmin and unpolymerized tubulin. If one
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assumes that the Ky of stathmin for tubulin dimers is 0.5 pM, and
that this is the same as the Ky of stathmin for PFs, then only
~0.05 pM stathmin will be free to interact with MTs in a steady-
state system consisting of 10 pM free tubulin and 1.0 pM total
stathmin (see SI Materials and Methods for calculations). In pre-
liminary work, when we stipulated that the concentration of free
stathmin was 0.05 pM in simulations otherwise identical to those
of Fig. 44, we saw relatively little effect on catastrophe. However,
when we stipulated that the bound stathmin completely inhibited
lateral bond formation, the effect was dramatic: catastrophe in-
creased by a factor of three (Fig. 4D). These simulation results
further support the idea that action of stathmin on exposed PFs can
promote MT catastrophe to a degree consistent with experimental
results, and suggest that the effect of stathmin on lateral bond
formation is likely to be relatively strong.

Simulations in a Cell-Like Environment. These results suggest that
stathmin can directly promote MT catastrophe by binding to and
acting on tubulin protofilaments exposed at growing tips. How-
ever, this work leaves open the issue of how this direct activity of
stathmin might compare in significance to its established tubulin-
sequestering activity. In vitro, once steady-state has been reached
(i.e., polymer mass has stopped increasing), a simple sequester-
ing activity would be expected to alter only the mass of tubulin
polymer and not the catastrophe frequency, because the steady-
state concentration of free (not sequestered or polymerized)
tubulin subunits should be similar with and without stathmin
(this logic comes from classic understanding of polymer-critical
concentrations). However, in an interphase cell with persistently
growing MTs, a relatively small reduction in the concentration of
active tubulin subunits through sequestration might be predicted
to alter the MT network significantly by dropping the concen-
tration of available unpolymerized tubulin below that needed for
persistent growth (see SI Results and Discussion).

To investigate the effect of stathmin activities in these differ-
ent environments, we performed a set of simulations with the
same parameters as in Fig. 4D, except this time we performed
them in both cell-like (spatially constrained) and in vitro-like
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(not constrained) environments: We let the MTs compete with
each other for a limited pool of tubulin subunits, and we started
with a higher concentration of tubulin to approximate more in
vivo-like conditions (Fig. S5 and Table S2). In a “cell” with 15 pM
total tubulin and no stathmin, MTs grew persistently, similar
to interphase MTs in vivo (30), as evidenced both by their steady-
state length distribution (Fig. S54) and positive drift coefficient
(1.2 + 0.4 pM/min) (Table S2; see SI Results and Discussion).
Addition of either a 1 pM stathmin sequestering activity or a
direct activity like that of Fig. 4D shifted the MT system to a
state that grew less persistently (drift coefficient = <0.1 pM/min)
and had a relatively flat length distribution (Fig. S5 B and C and
Table S2). However, combination of the sequestering and direct
activities shifted the system to a completely nonpersistent state as
assessed by a drift coefficent of zero, and a length distribution that
approximates an exponential decay (Fig. S5D and Table S2).
Although physiological systems differ from this simulation and
from each other in quantitative details, these simulations suggest
that both the sequestration and direct activities of stathmin could
contribute to stathmin’s functions in vivo.

Taken together, these experimental and simulation-based ob-
servations lead us to propose that stathmin can directly promote
MT catastrophe, and that it does so by binding to and acting on
tubulin protofilaments exposed at MT tips. We suggest that both
this direct mechanism and stathmin’s well-established tubulin-
sequestering ability work together to create stathmin’s observed
activities in vitro and in vivo.

Materials and Methods

Pipes and Taxol (paclitaxel) were obtained from Sigma. All other chemicals
were of analytical grade. Methods for tubulin polymer preparation, protein
binding measurements and the computational work are provided in S/
Materials and Methods.
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